We demonstrate a method of reflectivity measurement for a weak fiber Bragg grating (FBG) sensor array based on frequency shifted interferometry. In the scheme, the measured weak FBG sensor array was connected after a referenced weak FBG, by using frequency shifted interferometry, the reflectivity of the referenced FBG and the reflection amplitude spectrum of each FBG from the sensor array were obtained, respectively, and then each grating reflectivity was iteratively calculated by using the spectral shadowing removal method. A sensor array of 60-weak FBGs with an average peak reflectivity around −25 dB was experimentally investigated. The obtained peak reflectivity ranged from −37.7 to −21.7 dB with an average value of −26.0 dB. Error analysis indicates the average reflectivity measurement stability for all FBGs was ±1.93 dB. The results reveal that this paper presents a feasible, simple, and low-cost method of reflectivity measurement for large-scale weak FBG sensor arrays.
Synchronous Reflectivity Measurement of a Weak Fiber Bragg Grating Array Using
Frequency-Shifted Interferometry
Introduction
Optical fiber Bragg gratings (FBGs) have been widely used in civil engineering, aerospace, petrochemical industry, biomedicine and electric system for the advantages of small volume, high sensitivity, high precision, corrosion resistance and electromagnetic immunity [1] , [2] . Moreover, multiple FBG sensors can be multiplexed along a fiber link to lower system cost and realize multipoint detection, which has become a research hotspot. According to the level of reflectivity, FBG sensors can be classified into normal FBGs (more than −20 dB) and weak FBGs (less than −20 dB) [3] , [4] . Compared with normal FBGs, weak FBG sensors have weak reflection, little crosstalk noise, high SNR, low fabrication cost and zero fusion loss, therefore, they are more suitable for expanding capacity and networking of fiber optic sensor networks [5] , [6] , [7] . The multiplexing capacity of a FBG sensing system depends mostly on grating reflectivity, and there exists an optimized reflectivity for obtaining the maximum multiplexing capacity [8] , [9] . Therefore, it is crucial to measure the reflectivity of weak FBGs for the design and application of weak FBG sensor arrays. The traditional transmission method employs one broad light source and one optical spectrum analyzer (OSA) to measure the valley depth in the transmission spectra of the FBG, and then calculate the FBG reflectivity [3] . But being limited by the power calibration of the OSA, the valley depth should be more than 0.1 dB to be observed, namely, the FBG reflectivity should be higher than −17 dB [4] . Therefore, the traditional method is unsuitable for weak FBG sensors. Recently, Huiyong Guo et al. proposed a measurement method based on the end-face referenced reflection. They measured the total reflectivity of a group of weak-FBGs based on the end-face reflection, and then took the average as the reflectivity of a single weak FBG [3] .
However, the measurement accuracy of a single weak FBG cannot be guaranteed because the reflectivity of these weak FBGs may vary over a range of several dB due to certain instability of the fabrication process [10] . In order to realize the accurate reflectivity measurement of a single weak FBG in the sensor array, Zhihui Luo et al. developed a new method based on time-domain multiplexing (TDM) technology. By scanning sequentially the time delay between pulse trains, they separately measured the reflectivity of each weak FBG in a larger-scale sensor array one by one from the end-face referenced reflection [10] . However, reflectivity measurement of all weak FBGs cannot be implemented synchronously. Besides, the TDM-based method requires pulse modulation, fast detection/data acquisition, optical amplification, a tunable laser and an OSA, which results in high cost and complicated structure. Next, Peng Jiang et al. proposed a simple measurement method, similar with that presented in [3] . They calculated the reflectivity of a measured ultra-weak FBG from the relative reflection spectrum of the measured FBG and that of a referenced highreflectivity FBG [4] . Although the method is immune to the spectral influences of the optical source and the referenced FBG, it does not allow spectral overlap of the measured weak FBGs, and hence the measurement number is limited to the optical source bandwidth.
As a versatile fiber-optic sensing technique, frequency shifted interferometry (FSI) uses continuous-wave light without pulsed light, high-speed detector/acquisition equipment and optical amplifier. It also has the advantages of large-scale multiplexing capacity, spectral overlap allowance and simultaneous interrogation of all sensors [9] , [11] , [12] , [13] , [14] . Therefore, FSI can overcome the shortages of the measurement methods mentioned above. In this paper, we propose to adopt FSI to realize synchronous reflectivity measurement of all FBGs from a weak FBG sensor array. By measuring the grating reflection amplitude spectrum through FSI and using the spectral shadowing removal method, the reflectivity of each weak FBG in the sensor array is iteratively deduced from the reflectivity of a referenced weak FBG. Sixty weak FBG with the estimated peak reflectivity around −25 dB were interrogated experimentally. The measured peak reflectivity of all FBGs ranged from −37.0 to −21.7 dB, and the obtained average measurement error was ±1.93 dB.The results indicate that the FSI-based reflectivity measurement method presents a feasible, simple and low-cost candidate for large-scale weak FBG sensor arrays.
Operation Principle
The reflectivity measurement system for a weak FBG array based on FSI is depicted in Fig. 1 . It operates like a Sagnac interferometer with a symmetrically embedded acousto-optic modulator (AOM) serving as a frequency shifter. The weak FBG array contains M cascaded FBG sensors, i.e., FBG 1 , FBG 2 , . . . , FBG M , respectively. It is combined with a referenced weak FBG (i.e., FBG 0 ) in the sensing arm. According to the FSI theory, the differential interference signal at the balanced detector (BD) can be expressed as [12] 
where I 0 is a constant proportional to the output power of the TSL, R m (λ) is the reflectivity of FBG m at wavelength λ, α 2 m is the fiber transmission coefficient which is dependent on the locations of FBG m , equaling to 10 −2β·L m /10 where β is the attenuation coefficient of fiber and the factor of 2 accounts for the double passes of light through FBG m .
From (1)- (2) it can be seen that the frequency Fm and the optical power I m (λ) of the differential signal include the location and reflection information of FBG m , respectively. In order to resolve the location and of the reflection spectrum each weak FBG, one can sweep the driving frequency of the AOM linearly, take FFT of the differential signal and scan the wavelength of the laser source. Specially, the three steps below should be followed: 1) First keep the laser wavelength unchanged, by sweeping linearly the AOM frequency in a range over time and performing FFT on the time-domain signal I(t), obtain the location-resolved FFT amplitude spectrum A(L). Then, scan the laser wavelength to obtain a two-dimensional (2D) FFT amplitude spectrum A(λ, L). 2) Pick Fourier peaks from the 2D spectra A (λ, L) by using a suitable threshold to exclude noise interference, and obtain the peak reflection locations of all FBGs. 3) For an arbitrary FBG (m = 0, 1, 2, . . . , M), according to the peak reflection location, find the raw reflection amplitude spectrum from A(λ, L), and then perform Gauss fitting to obtain the grating reflection amplitude spectrum A m (λ). From the above-mentioned three steps and (2), we can also see that the obtained reflection amplitude Am 
2 ), which is termed as spectral shadowing effect [12] . Combining (1) and (2), the spectral shadowing effect can be removed by dividing the reflection amplitude of FBG m by that of FBG m−1 measured above, 
As a result, we have
Therefore, in the FSI-based measurement system, the reflectivity of each weak FBG from the measured sensor array at different wavelengths (i.e., each grating reflectivity spectrum) can be iteratively calculated, once the reflectivity spectrum of the referenced weak FBG is known, and the reflection amplitude spectra and locations of all FBGs are measured by FSI interrogation. Because the iteration process is approximately real-time, the reflectivities of all weak FBGs can be measured synchronously. This measurement method can be termed as "spectral shadowing removal method". Now, in order to obtain the reflectivity of the referenced weak FBG (FBG 0 ), first, it is directly spliced with the output port of the coupler C 2 without the measured weak FBG array placed behind it. Then the free end of FBG 0 is cleaved to obtain a flat vertical end face. Then the vertical end face is immersed in anhydrous ethanol with the effective refractive index of 1.3614, and its reflectivity R e can be calculated as −28.5 dB (0.14%) according to Fresnel reflection [3] . Finally, the reflection amplitude spectra of FBG 0 and the fiber end face are reconstructed by using the FSI scheme, and they can be described respectively:
Thus, the reflectivity of FBG 0 can be evaluated as
Obviously, the reflectivity R 0 (λ) is independent on the optical source power, and thus it is immune to the spectral un-flatness and power fluctuation of the optical source. In our following experiments, a weak FBG with the reflectivity around −30 dB was selected as the referenced FBG (i.e., FBG 0 ). Using the scheme just mentioned, we measured the reflection amplitude spectra of FBG 0 and the fiber end-face. For improving the reflectivity accuracy of FBG 0 , the measurement was repeated 5 times and the average result was taken as shown in Fig. 2(a) . According to (7) , the relationship between reflectivity of FBG 0 and wavelength was achieved, which was demonstrated in Fig. 2(b) . After Gauss fitting, it shows that the referenced FBG has a peak reflectivity of −33.0 dB (0.05%) and a central wavelength of 1554.87 nm.
In short, using the reflection amplitude spectra obtained by FSI and the spectral shadowing removal method, one can synchronously measure the reflectivity of each weak FBG in the sensor array. We would like to note that the system employs continuous-wave light without pulse modulation, high-speed detection and fast acquisition, and it resolves the grating spectra without using an OSA. Therefore, this measurement method is cost-effective and easy to operate.
Experiments and Results
The experiment setup of the reflectivity measurement system is shown in Fig. 1 . A weak FBG sensor array was prepared with the phase mask technique, being winded around a fiber optic tray during the fiber drawing process. It consists of 60 weak FBGs with peak reflectivity around −25 dB, central wavelength around 1555.0 nm and sensor separation around 40 m estimated during the fabrication process. The weak FBG sensor array on the roll was spliced behind a referenced weak FBG with the known reflectivity spectrum (shown in Fig. 2(b) ). The TSL (Santec TSL-510C) was set to an output power of 4 mW and a tuning wavelength step of 0.03 nm. The AOM (Brimrose AMM-100-20-25-1550-2FP) was swept from 90 to 110 MHz at an increment of 0.0165 MHz. The data acquisition board (DAQ, NI USB-6361) acquired the output from the BD (New Focus Model 2117) with 100 kHz sampling rate, keeping synchronized with the AOM sweeping cycle. And then the acquired signal of DAQ was sent to the PC and processed online by a developed Labview program. In order to eliminate the fluctuation influence of the ambient temperature, it was kept at 15°C during the whole measurement process. And for lowering the system noise, the TSL was set in the coherence control mode, and all elements in the Sagnac interference loop were fixed on an optical hover platform to alleviate the influences of the ambient vibration, pressure, strain, etc.
When the wavelength of the TLS was set to 1554.99 nm, the obtained differential interference signal was demonstrated in Fig. 3 . Fig. 3(a) shows the time-domain signal sampled by the DAQ, and Fig. 3(b) shows the corresponding location-resolved FFT amplitude spectrum after performing FFT on the time-domain signal. By extracting peaks from the FFT spectrum, only 54 Fourier peaks were obtained. It means that only 54 weak FBGs from the 60-FBG sensor array were distinguished, which can be attributed to the inconsistency of all weak FBGs in peak reflectivity and central wavelength.
By scanning the wavelength from 1554.45 to 1555.55 nm and performing FFT, all locationresolved FFT amplitude spectra were measured, which were shown in Fig. 4(a) . We can clearly see 60 bright reflection signals which precisely correspond to 60 weak FBGs in the sensor array. Then, by using the FSI interrogation method mentioned in Section 2, the reflection amplitude spectra of all the measured 60 weak FBGs were reconstructed. For facilitating the observation, Fig. 4(b) only demonstrates the reflection amplitude spectra of the 46th to 50th FBGs. Each amplitude spectrum contains the reflectivity information of the measured FBG itself as mentioned in Section 2. By extracting peaks from theses spectra, the central wavelengths and locations of all the measured weak FBGs were obtained as shown in Fig. 5 . The central wavelength covers the range from 1554.87 to 1555.22 nm, and the variation reaches up to 0.35 nm. While from the grating locations measured by FSI, it can be known that the distance between two adjacent FBG sensors is about 43 m, which is consistent with the value arranged during the FBG fabrication process.
Next, for a given wavelength λ 0 , we substituted the reflection amplitude of FBG 1 (A 1 (λ 0 )), the reflection amplitude of FBG 0 (A 0 (λ 0 )) and the reflectivity of FBG 0 (R 0 (λ 0 )) into (4), and calculated out the reflectivity of FBG1 (R 1 (λ 0 )). In the same way, we achieved the reflectivities of other measured FBGs, i.e., R 2 (λ 0 ), R 3 (λ 0 ), . . . , R m (λ 0 ). Then, we changed the wavelength within the wavelength scanning range of the TSL, and repeated the above calculation steps. Finally, we obtained the reflectivity spectra of all the measured FBGs by using the spectral shadowing removal method. The obtained results were partially demonstrated in Fig. 6 for a clearer presentation. By extracting peaks and taking the average, the peak reflectivity of each measured weak FBG was achieved as shown in Fig. 7 . As can be seen from Fig. 7 , the peak reflectivity ranges from −37.0 to −21.7 dB with an average value of −26.0 dB, and the corresponding standard deviation is 3.1 dB. The average peak reflectivity agrees well with the value estimated during the FBG fabrication process. Taken together both Figs. 5 and 7, the peak reflectivities and central wavelengths of the weak FBGs from an in-line fabricated sensor array have not very good uniformity. The differences are mainly caused by the fluctuations of the in-line writing parameters, such as drawing tension, drawing speed and furnace temperature [13] , [16] . In order to improve the reliability of weak FBG arrays in future applications, it is necessary to further optimize the uniformity of weak FBGs in peak reflectivity and central wavelength [10] .
According to our previous work in literature [9] , we can deduce that the reflectivity limit of the proposed measurement system depends on the system SNR, and it is related to the laser source power, sensor separation and the multiplexing number of FBG sensors. By using the same theoretical analysis method as that in literature [9] , the reflectivity limit obtained is −57.685 dB under 14 mW of laser source power, 10 m of sensor separation and 2 of multiplexing number. Obviously, if the laser source power is increased, the reflectivity limit will become lower than −57.685 dB.
Error Analysis
In a FBG sensor array, signal crosstalk and fiber transmission loss may affect the optical power reflected from each FBG, and consequently lower the measurement accuracy of grating reflectivity [10] . Because fiber transmission loss has been included in the (1)- (4) with respect to the measurement method, it needs not be considered here. For the signal crosstalk, a FSI-based measurement system usually contains three types: spectral shadowing effect, multiple-reflection crosstalk and side lobe effect [12] . The spectral shadowing effect also needs not be considered for the same reason as fiber transmission loss. In our experiments, the hamming window function was employed to multiply the time-domain interference signal before being performed FFT, and the side-lodes on both sides of a principal Fourier peak were very small. Moreover, the distance between two adjacent principal Fourier peaks were far enough by setting grating separation around 40 m. Therefore, the crosstalk caused by side-lobes (i.e., side lobe effect) can be ignored [12] , [15] . Now, we would focus on the multiple-reflection crosstalk. It refers to a false signal formed by the multiple reflections between upstream FBGs, which may arrive at the BD at the same time as the real signal from a downstream FBG and make the latter illegible. In general, because of the low reflectivity of weak FBGs, we just consider the reflections which undergo three times, i.e., the first-order crosstalk, and ignore the reflections which undergo more than three times. Assuming the worst case that all FBGs have the identical central wavelength and the same peak reflectivity, the first-order crosstalk power of the mth FBG can be approximately expressed as [8] When FBG reflectivity ranges from −22 to −37 dB, the ratio of the first-order crosstalk power affecting a FBG to its return power is illustrated in Fig. 8 . Obviously, the ratio increases with the increase of grating number when the grating reflectivity remains unchanged. For our weak FBGs having an average reflectivity of −26 dB, we can see that the worst-case ratio is about −19.5 dB, i.e., the worst-case first-order crosstalk power which affects the 61st FBG is about 19.5 dB weaker than the reflected signal power. Therefore, the reflectivity measurement effect caused by the firstorder crosstalk in the 61-FBG sensing arm (including the referenced FBG) with average reflectivity of −26 dB is negligible.
In addition, the other noises generated by the system elements, including the optical source, BD and DAQ, will also reduce the signal to noise ratio (SNR) of the system, and hence lower the precision of reflectivity measurement. In order to evaluate the comprehensive influences of these noises, the reflectivity measurement was repeated 10 times under the same condition, and the obtained one standard deviation of each grating reflectivity was shown in Fig. 9 . Obviously, the measurement error ranges from 0 to ±3.65 dB. By calculation, the average error is ±1.93 dB, which is lower than that of the TDM system reported in literature [10] .
Conclusion
We have presented and demonstrated a synchronous reflectivity measurement method for a weak FBG sensor array based on frequency shifted interferometry (FSI). A FBG sensor array including 60 weak FBGs with an average peak reflectivity around −25 dB, was connected after a referenced weak FBG with the known reflectivity spectrum. By combing FSI with spectral shadowing removal method, the measurement system synchronously resolved the reflection amplitude spectra of the 60 weak FBGs in the sensor array, and then it iteratively evaluated the reflectivity spectrum of each measured FBG from that of the referenced FBG. The obtained peak reflectivity ranged from −37.7 to −21.7 dB with an average value of −26.0 dB, and the corresponding average peak reflectivity agreed well with the estimated value during the sensor array fabrication process. The measurement error of the system was also analyzed by theoretical simulation and repeated experiments. It was found that the signal crosstalk and fiber transmission loss can be neglected, and the measurement error caused by system element noises ranged from 0 to ±3.65 dB with an average value of ±1.93 dB. The simple structure and low cost make the proposed method an excellent candidate for the reflectivity measurement of large-scale weak FBG sensor arrays.
